INTRODUCTION
Very preterm birth (delivery prior to 32 weeks gestation) is a major cause of neonatal morbidity and mortality worldwide 46, 79 . Unfortunately, up to 40% of these infants sustain intracranial hemorrhage within their germinal matrix 79 , a periventricular region where the neural stem cells for cortical development reside 11, 28 . Commonly, germinal matrix hemorrhage extends into the cerebral ventricles to cause intraventricular hemorrhage (IVH) 34, 56 , which is classified into four grades of severity 34, 61 . Grades I and II are considered 'low-grade', associated with neuromotor impairment in up to 33% of affected infants 6, 74 and carry a two-fold risk of poor cognitive outcomes 62 . Grades III and IV are classified as 'high-grade' and have even poorer neurological outcomes, with neuromotor and cognitive deficits in over 90% of affected infants 40 . Further, approximately one-third of preterm infants who sustain high-grade hemorrhage progress to develop post-hemorrhagic hydrocephalus (PHH) 1 , which is characterized by cerebrospinal fluid (CSF) accumulation within the ventricles and raised intracranial pressure 37 . PHH confers even more risk for neurological impairment and typically requires neurosurgical CSF diversion 1, 37, 67 .
While advances in the care of infants with IVH/PHH have been made, their neurological outcomes remain poor, due in part to a limited understanding of the pathophysiology of the disease 41, 51 . However, mounting evidence has directed focus to the neurogenic region along the lateral ventricular perimeter (LVP) 13, 14, 36, 52 , given its critical role in neurodevelopment and function as a CSF-brain barrier 13, 26, 30 . The LVP comprises the ventricular and subjacent subventricular zones, which house progenitor cells that differentiate into cortical neurons and neuroglia, and is juxtaposed by periventricular white matter fibers that are medial to larger bundle tracts such as the corpus callosum, optic radiations and internal capsules 30 . The structure and cellular processes in the LVP may be severely impaired by IVH 34, 52 , which compromises its CSF-brain barrier function and exposes the periventricular white matter to injurious mechanisms and CSF toxins 5, 55 . Indeed, there is histopathological evidence of severe LVP and periventricular white matter damage in infants with IVH/PHH and other forms of hydrocephalus 26, 36, 52 . Further, on conventional MRI, the LVP and periventricular white matter commonly demonstrate T 2 W hyperintensity in infants with IVH/PHH, most notably in the frontal and occipital horn perimeter regions (FOHP) , which may be associated with hypoxic-ischemic injury and/or trans-ependymal edema 32, 73 .
Diffusion MRI (dMRI) techniques, such as diffusion tensor imaging (DTI), delineate microstructural changes in white matter by measuring water diffusion anisotropy 58, 65 . dMRI has been used to characterize the effects of IVH and other forms of hydrocephalus on periventricular white matter integrity 12, 47, 89, 90 . Specifically, dMRI parameters, including fractional anisotropy (FA), axial diffusivity (AD), radial diffusivity (RD) and mean diffusivity (MD), have been shown to correlate with neurodevelopmental outcomes in neonates with acqueductal stenosis and other congenital and obstructive forms of hydrocephalus 12, 47, 90 , and have been shown to improve following hydrocephalus treatment 12, 47, 72 . However, the existing dMRI literature for IVH/PHH has focused on large bundle periventricular white matter fibers such as the corpus callosum and internal capsule, which are anatomically and developmentally distinct from the LVP 7, 47, 72, [88] [89] [90] . The LVP has not been examined with dMRI across populations primarily because it is a difficult region to study due to volume averaging effects at the margin of the ventricle. Furthermore, while correlations between ventricular size and large bundle periventricular white matter dMRI measures have been informative in other forms of hydrocephalus 3, 16 , the relationships between ventricular size and LVP tissue integrity in IVH/PHH have not been studied.
Utilizing dMRI to define the effects of IVH/PHH on the LVP, and in particular the neural stem cell rich FOHP may provide insights into the deleterious effects of IVH/PHH on ependymal CSF-brain barrier function and periventricular white matter integrity, affording a foundation for future studies of therapeutic interventions which address those effects. In addition, assessing the relationships between dMRI measures and ventricular size will not only add to our understanding of IVH/PHH pathophysiology, but may help define the role of therapeutic ventricular decompression in PHH and guide clinical decision-making regarding the timing for CSF diversion surgery. To address these questions, this study leverages a large prospective cohort of very preterm infants with/without IVH/PHH and full-term healthy control infants in order to: 1) assess the effects of IVH/PHH on LVP and FOHP regions; and 2) define the relationships between ventricular size and LVP/FOHP dMRI measures. We hypothesized that preterm infants with IVH/PHH will demonstrate aberrant dMRI microstructural measures of the LVP/FOHP when compared to uninjured preterm and full-term controls, and that dMRI measures will correlate with linear indices of ventricular size, with larger ventricles correlating with greater abnormalities in dMRI measures.
METHODS

Subjects:
Four groups of prospectively recruited infants were assessed between May 2007 and August 2016. The first group, the very preterm group (VPT), included infants born ≤30 weeks gestational age with no or low-grade IVH. The second group, the high-grade intraventricular hemorrhage group (HG-IVH), was comprised of age-matched VPT infants who developed grade III/IV IVH identified on cranial ultrasound within the first month of life. The third group, the post-hemorrhagic hydrocephalus group (PHH), was comprised of VPT infants who sustained grade III/IV IVH identified on cranial ultrasound within the first month of life and required neurosurgical treatment for hydrocephalus. Well-established Hydrocephalus Clinical Research Network criteria were applied for the diagnosis of PHH and the timing of neurosurgical treatment 86 , which included a reservoir or sub-galeal shunt placement for temporary ventricular access, or permanent treatment with endoscopic third ventriculostomy (ETV) or ventriculoperitoneal (VP) shunt. All VPT, HG-IVH and PHH infants were recruited from a Level-III Neonatal Intensive Care unit (NICU) at a large regional hospital. The fourth group comprised of healthy full-term (FT) infants who were born at 38-42 weeks gestational age. FT infants were identified from a larger cohort who were undergoing neonatal neuroimaging scans as part of an existing contemporaneous fetal monitoring study conducted at an adjoining maternity hospital. To ensure the FT group had no confounding health issues at birth, additional exclusion criteria included acidosis (pH < 7.20) on cord blood gas or blood gas obtained during the first hour of life or evidence of in utero illicit substance exposure. Exclusion criteria for all four groups included inability to obtain informed consent from an infant's parent, presence of chromosomal abnormalities and/or proven congenital infections (e.g., cytomegalovirus, toxoplasma, rubella). As shown in Supplementary Figure 1 , a total of 206 infants (FT=76, VPT=91, HG-IVH=20, PHH=19) with DTI data were screened for possible inclusion in the study. Reasons for study exclusion across the groups included: acidosis (FT=8), positive maternal urine drug screen (FT=5, VPT=1, HG-IVH=1), and atypical pattern of brain injury/abnormal MRI finding (FT=2, VPT=2).
Written informed consent was obtained from at least one parent of every infant. Institutional Review Board approval for this study was obtained from the Washington University Human Research Protection office.
Clinical variables:
To account for differences in medical status between groups, perinatal clinical information obtained for each infant was used to calculate their clinical risk index score 68 . The presence or absence of each of 10 factors were scored as 1 or 0 respectively. There were 9 patient-related factors, which included: 1) small for gestational age at birth or intrauterine growth restriction; 2) received oxygen therapy at 36 weeks; 3) received postnatal steroids; 4) developed necrotizing enterocolitis; 5) had a patent ductus arteriosus requiring indomethacin or ibuprofen therapy; 6) had retinopathy of prematurity; 7) developed culture-positive neonatal sepsis; 8) weight-for-height/length ratio at the time of term equivalent MRI acquisition >3 standard deviations below the measured ratio at birth; and 9) duration receiving total parenteral nutrition above the 75 th percentile. A point was also scored if the mother did not receive antenatal steroids. All scores were collated to obtain a composite risk index score on a Likert scale of 10 -the higher the score, the poorer the presumed neonatal health 68 .
Image acquisition:
VPT, HG-IVH and PHH infants underwent an MRI scan at/near term equivalent age (35-43 weeks postmenstrual age). FT infants were scanned within the first four days of birth. All 13 PHH infants had undergone reservoir placement prior to their study MRI, with 6 of these infants also undergoing shunt placement prior to their MRI scan. However, due to the small group sizes, we were not powered to analyze for potential effects of permanent shunt placement. Following welldescribed institutional neonatal imaging practices 48 , all infants were imaged without sedation during natural sleep or while resting quietly. MRI images were acquired in a 3T Siemens Trio system (Siemens Medical Solutions, Erlangen, Germany) using an infant-specific, quadrature head coil (Advanced Imaging Research, Cleveland, OH, USA). Anatomical images included a T 1 W sagittal, magnetization-prepared rapid gradient echo sequence with repetition time 1550 ms, inversion time 1100 ms, echo time 3.05 ms, flip angle 15°, 1×1×1.25 mm 3 voxels; T 2 W fast spin echo sequence (repetition time 8210 ms, echo time 161 ms, 1×1×1 mm 3 voxels; and DWI sequence (repetition time 13300 ms, echo time 112 ms, 1.2×1.2×1.2 mm 3 voxels, 31 to 48 b-directions with amplitudes ranging from 0 to 1200 s/mm 2 ).
Image processing:
The diffusion signal attenuation curve was modeled as a mono-exponential function plus a constant, and diffusion parameters were estimated using Bayesian Probability Theory 43 . FA, AD, RD and MD maps were generated from the dMRI slices. Principal eigenvector maps were generated with DSI studio software (http://dsi-studio.labsolver.org). Periventricular regions of interest (ROI) were generated using MATLAB version 9.2 (MathWorks, Natick, MA, USA) and semi-automated segmentation scripts. Briefly, numerical thresholds were applied to MD maps to isolate the lateral ventricles as being central structures with high MD values. The ventricles areas were dilated, and a subtraction operation isolated the periventricular areas. Subsequent analyses of the lateral ventricles focused on the entire circumference of the periventricular area (LVP; Fig 1 top Both regions were identified on 3 contiguous axial slices in order to minimize through-slice partial volume averaging. Infants with porencephalic cysts were able to be processed using standard procedures. Additional DTI data loss was attributed to poor scan quality/motion artifacts (n=20) and severe brain injury (PHH, n=2). However, those with severe white matter cysts causing significant changes in ventricular morphology near the foramen of Monro were not included in the study (VPT, n=7).
Consistency of the algorithm was tested by performing intra-subject comparisons and the same dMRI values were consistently obtained across each iteration. To further validate the algorithm, measures from the algorithm were compared to those obtained from manually defined ROIs placed in the lateral ventricular perimeter across all four groups by a single expert rater (D.A.). dMRI measures generated using both manual and automated approaches were strongly correlated across groups (r=.89 -.91, p<.001).
Ventricular size was measured by an expert single rater (S.A.Z) on axial T 2 W image using the frontal-occipital horn ratio approach 60 , which sums the distance between the widest lateral walls of the frontal and occipital horns, divided by twice the widest biparietal diameter at the level of the foramen of Monro (Fig. 2 ). Reproducibility of these measures was established across groups using measurements made by an independent rater (D.A.), with inter-rater comparisons demonstrating a high degree of agreement (intraclass correlation coefficient=.91; p<.001).
Statistical analyses:
Statistical analyses were performed using R version 3.5.0 (The R Foundation, Vienna, Austria) 66 and SAS version 9.4 (The SAS institute, Cary, NC). Normality of data was assessed with the Shapiro-Wilk test, which determined the use of non-parametric methods for all data analyses. Descriptive statistics of clinical factors including gestational age at birth, postmenstrual age at MRI scan, birth weight and clinical risk index scores 68 , as well as measured factors, including frontal-occipital horn ratio and dMRI measures in the LVP and FOHP, were obtained. Kruskal-Wallis one-way ANOVA was used to determine between groups differences. Wilcoxon signed rank test was used to perform family-wise comparisons, and all resulting p-values were corrected with Benjamini-Hochberg adjustment. Correlations between ventricular size and dMRI measures were examined using Spearman's rank-order correlations because the patient groups correspond with disease severity (ordinal ranking). To examine group differences in dMRI measures between the LVP and FOHP, a linear mixed effect model with a random patient intercept was fit to each measure. Specifications of the model included a main effect of region (LVP and FOHP), group (FT, VPT, HG-IVH and PHH) and region-by-group interactions with Bonferroni correction. Given the reported effect of age on dMRI measures 90 , postmenstrual age at scan was set as a covariate in the linear model. Where Mauchly's test of sphericity was violated, Greenhouse-Geisser correction was used to adjust degrees of freedom for the averaged tests of significance. Significance level was determined using a p-value ≤.05.
RESULTS
Patient characteristics:
Of the 158 infants (77 males and 81 females) included in the final study cohort, there were 56 FT, 72 VPT, 17 HG-IVH, and 13 PHH infants (Table 1 ; Supplementary Figure 1 ). Median frontal-occipital horn ratios were higher in PHH (0.50 ± 0.06) > HG-IVH (0.41 ± 0.04) = VPT (0.41 ± 0.02) > FT (0.37 ± 0.02) (Table 1; Fig. 2 ). Of the 13 PHH infants, 12 had reservoirs and 2 had subgaleal shunts placed prior to VP shunt or ETV surgery. For permanent hydrocephalus treatment, 10 infants had VP shunts placed and 2 underwent ETV surgery. As expected, the median ventricular size of the ETV infants was larger (0.60±0.01) than that of the VP shunt infants (0.49±0.05) (p=0.008). Nevertheless, in this limited cohort, there was no difference in dMRI measures between infants who underwent ETV versus VP shunt in both the LVP and FOHP regions. One infant underwent treatments for hydrocephalus with a reservoir but did not require permanent CSF diversion.
dMRI measures of the lateral ventricular perimeter and the frontal and occipital horn perimeters
In the LVP, family-wise comparisons with Benjamini-Hochberg correction revealed that PHH had consistently lower FA and higher MD and RD than FT and VPT infants (p<.050). While PHH FA was lower, and PHH RD was higher than that of HG-IVH (p<.050) in the LVP, the MD and AD values did not differ ( Table 2 ; Fig. 3 ). In the FOHP, Benjamini-Hochberg corrected family-wise comparisons revealed PHH infants had lower FA and higher RD than FT and VPT infants in the FOHP (p<.010) ( Table 2 ; Fig. 4 ). Similar to the LVP, PHH FA was lower than that of HG-IVH (p<.001) in the FOHP. Except for MD and RD in the LVP region, there were no differences in dMRI measures between the HG-IVH and VPT infants. Among the PHH group, there was no difference in dMRI measures between the ETV and VP shunt treated infants (p>.050) in both the LVP and FOHP regions. While the magnitude of PHH AD was consistently less than AD measures in the other groups, in both the LVP and FOHP pairwise comparisons were not significant (p>.050) (Tables 2; Figs. 3 & 4) . Comparison of LVP/FOHP dMRI measures to those of adjacent posterior limb of internal capsule and optic radiations revealed tract-specific associations between dMRI measures. Among the HG-IVH infants, dMRI metrics in both the LVP and FOHP were associated with OPRA microstructure, but no associations were found with the PLIC. In contrast, few associations were found for the PHH group.
Regional differences in dMRI measures
A linear mixed effects model, adjusted for term equivalent age at scan, revealed regional FA and RD differences between the FOHP and LVP [F (3,153) = (FA (19.46), MD (0.98), AD (1.88), RD (3.16); p<.001)]. In the FT infants, FA, MD, AD and RD measures in the FOHP were higher than the LVP, which reflects baseline differences between the two regions among healthy infants in this cohort (Table 3 ; Fig. 5 ). However, in the PHH group, while MD, RD and AD measures in the FOHP were higher than the LVP, FOHP FA was less than the LVP, directly opposite to the observed findings in the healthy infants (Table 3 ; Fig. 5 ). Nevertheless, directionality of the principal eigenvectors in both LVP and FOHP generally did not differ between groups (Fig. 6 ).
Correlations between ventricular size and dMRI measures
Spearman's rho revealed that frontal-occipital horn ratio correlated with dMRI measures in the LVP. Ventricular size had negative correlation with FA (r s =-0.41 p<.001), with anticipated positive correlations with MD (r s =0.26, p=.005) and RD (r s =0.36, p<.001) in the LVP (Fig. 7) . Relatively stronger relationships were found in the FOHP in that ventricular size was negatively correlated with FA (r s =-0.47, p<.001) and positively correlated with MD (r s =0. 35 , p<.001) and RD (r s =0.42, p<.001) (Fig. 8 ). AD measures did not correlate with ventricular size in either the LVP or FOHP segmentation analyses (r s =-0.05, p=1.000).
DISCUSSION
Summary of findings
This study utilized a large prospective cohort of preterm infants with and without HG-IVH/PHH and healthy, full-term controls to evaluate dMRI measures in the LVP and FOHP regions, neural stem cell rich areas important for neurodevelopment, brain-CSF homeostasis and immune response that function as a protective barrier to shield periventricular white matter from injurious CSF toxins 5, 55 . To accomplish this, we developed a new image processing technique designed specifically to isolate the LVP and FOHP. The key findings were that PHH was associated with aberrant measures of FA, MD and RD in these regions, indicative of disruptions in LVP and FOHP microstructure. The pattern of impaired RD but not AD may be associated with disruption of myelination or axonal membranes rather than axonal loss 49, 77, 80 . Among brain-injured infants, PHH infants demonstrated the greatest degree of abnormality, given their lower FA and higher MD and RD values when compared with the HG-IVH group. Except for MD and RD in the LVP region, there were no differences between HG-IVH and VPT infants, which suggests that while preterm birth has detrimental effects on dMRI measures, it does not solely account for the dMRI aberrations seen in the PHH group. In addition, markers of injury in the FOHP were of greater magnitude than in the LVP in the PHH group, indicating greater vulnerability to the effects of injury in this region. Ventricular size correlated negatively with FA and positively with MD and RD in both the LVP and FOHP segmentations, suggesting increasing ventricular size was associated with more severe dMRI-measured LVP/FOHP injury.
Challenges and alternative strategies for delineating the LVP for dMRI analyses
The LVP, which has been histologically characterized as a critical region in IVH/PHH pathophysiology 14, 35, 36, 52 , is challenging to study with dMRI because of partial volume effects that may occur when adjacent or surrounding structures are included in the segmentation. This is because, in addition to being in close proximity to ventricular CSF and other tissues of varying signal intensities, the thickness of the LVP is only a few cell layers. Indeed, the ependymal layer is a single layer of epithelial cells (~5μm thickness), and the ventricular and subventricular zones comprise a mix of radial glial and neuroblast cells, 35, 42 which makes it technically challenging to segment a homogeneous ROI for the LVP. In this study, the dMRI spatial resolution was 1.2×1.2×1.2 mm 3 , and we evaluated the innermost layer of the LVP and its adjoining periventricular white matter. This voxel size is larger than the subventricular zone. As a result, the ROIs likely contain a mixture of subventricular zone and subjacent white matter. These ROIs had nonzero diffusion anisotropy, and evaluation of Eigen vector maps ( Fig. 6 ) showed fiber orientation parallel to the walls of the lateral ventricles, consistent with the orientation of white matter in these areas. In contrast, the subventricular zone would be expected to have isotropic diffusion or a primary orientation of maximum water displacements orthogonal to the walls of the lateral ventricles. Thus, the measured diffusion parameters likely reflect those of white matter, and injury to the subventricular zone is inferred through evidence of injury to the adjacent white matter. Further, the ROIs were generated with an automated algorithm, which helped eliminate manual and inter-/intra-rater related errors. In addition, the ROIs were averaged from three contiguous axial slices to increase signal to noise and reduce through-plane partial volume averaging effects.
Clinical and research implications of LVP injury in IVH/PHH
Many of the debilitating symptoms of IVH/PHH have been attributed to periventricular white matter injury 4, 17, 75, 85 . As such, the anatomical, physiological and molecular relationships between the LVP and periventricular white matter have several critical research and clinical implications. First, IVH/PHH in preterm infants typically occurs during a critical developmental period of ventricular/subventricular zone differentiation, interfering with neural stem cell maturation and ependymal CSF-brain barrier formation. Impairment in ependymogenesis leads to denuded regions that expose periventricular white matter to injury from CSF contents, ciliopathy that impairs CSF circulation and overall dysregulation of cerebral homeostasis, immunologic response to injury and other normal cellular processes 5, 55 . In addition, the irritation effects of blood, ferritin and reactive oxidative species likely propagates injurious mechanisms of neuroinflammation, hypoxia and ischemia 23, 52 that further compromises the LVP barrier and damages periventricular white matter 21, 24, 35 . Thus, examining LVP/FOHP tissue integrity with dMRI in IVH patients may help focus future research on strategies that enhance LVP barrier properties in preterm infants to avert periventricular white matter injury and its neurological sequalae. Second, in PHH, the ventricular dilatation exerts mechanical pressure on both the LVP and periventricular white matter 22, 50 , which may exacerbate ependymal denudation, axonal dysfunction due to direct axonal stretch and/or compression. Further, from a PHH treatment standpoint, CSF diversion surgery is typically performed to relieve the mechanical pressure to prevent further damage and permit recovery 12, 47, 72 . Therefore, utilizing dMRI metrics to assess the relationships between ventricular size and LVP/FOHP integrity in IVH patients with or without PHH may help define the compounding effect of PHH on periventricular white matter on top of IVH, and the role of therapeutic ventricular decompression.
Cellular basis of dMRI-measured LVP injury in IVH/PHH
During typical white matter development, periventricular white matter FA increases, while MD, RD and AD decrease in a time-dependent fashion 33, 76 . Our finding of lower FA and higher MD and RD in VPT than FT infants is consistent with previous studies that have shown that preterm birth is associated with dMRI-measured tissue abnormalities 81,83,87 and poor neurological outcomes, which have been attributed to disrupted neuronal proliferation, migration and synaptogenesis 10 . In HG-IVH and PHH the premature brain's sensitivity to perturbations in normal cellular processes by hemorrhage and hydrocephalus contributes significantly to their poorer neurological outcomes, when compared to non-IVH preterm infants and healthy full term controls 4,38,85 . Our finding of more prominent abnormalities in FA, MD and RD in HG-IVH and PHH infants recapitulates the patterns of IVH/PHH-associated tissue injury that have been previously reported by dMRI studies of large bundle periventricular white matter tracts such as the corpus callosum and internal capsules 3,27,45,47,82 . To propose a molecular mechanism for LVP injury in the setting of IVH, Castaneyra-Ruiz et. al. utilized cell cultures of ventricular zone cells from the LVP to demonstrate ventricular zone disruption occurred as a result of cleavage of adherens junctions proteins 14 , thereby exposing the periventricular white matter to severe inflammation and gliosis 14, 52 . Several other histopathological studies have shown that IVH is associated with LVP tissue damage, which is characterized by ependymal denudation, heterotopia and rosette formation, radial glial cell disorganization, and astrocytic proliferation in the ventricular and subventricular zones 26,36,52 . Ultimately, the poor neurological outcomes observed in HG-IVH/PHH infants are not only due to white matter injury, but are mediated by a much complex interaction of pathophysiological mechanisms such as iron-mediated oxidative damage 17 , hypoxic-ischemic injury 70 , cytokinechemokine mediated injury 14,52 and deleterious complement activation 69 that culminate in grey and white matter brain injury.
IVH/PHH-associated injury in the LVP/FOHP may impair myelination
Diffusion anisotropy data in white matter are typically interpreted in terms of changes to myelin, with an increase in RD thought to represent injury to myelin with relative sparing of axons. In the present context, this interpretation is complicated by the fact that most of periventricular white matter is not myelinated at term equivalent 71 . While white matter tracts associated with primary motor and sensory areas, particularly corticospinal tracts and optic radiations, are myelinated at term equivalent and do show greater values for diffusion anisotropy than unmyelinated areas 76 , the majority of periventricular white matter is unmyelinated at this stage of development 71 . Thus, for this study, the relative increase in RD compared with AD suggests greater spacing of axons, possibly related to transependymal migration of CSF, and/or an increase in axonal membrane permeability, perhaps related to stretching and injury 49, 77, 80 . The influence of these unmyelinated axons on the diffusion measurement is supported by the finding that the orientation of the direction of maximum water displacements (which indicated the orientation of white matter fiber tracts) was generally preserved in spite of the reduced anisotropy, indicating that the axons were still present. Nevertheless, disruption of the LVP may be associated with subsequent abnormalities of myelination through injury to oligodendrocyte progenitor cells that are present in this region at term equivalent. Indeed studies of the corpus callosum of older hydrocephalic children after myelination 3, 90 show MD changes driven by changes RD rather than by AD, indicating myelin disruption. Other studies have identified morphological defects in oligodendrocytes, which occur as a result of hemorrhage and other multifactorial mechanisms including neuroinflammation and ischemia-induced excitotoxity 2, 8, 15, 25, 29, 54 . In addition, PHH likely compounds oligodendrocyte disruption and periventricular white matter dysmyelination through its compressive effects on oligodendrocyte progenitor cells in the LVP 2,8,15 .
FOHP sustains a greater magnitude of dMRI-measured injury than the LVP
Across the LVP, there are regional differences in the cytoarchitecture of the ventricular zone and organization of neural stem cells within the subjacent subventricular zones 19, 35, 52 . While radial glial cells are sequentially replaced by ependymal cells along the LVP during fetal development, the lateral wall of the frontal horn is the only region that retains these stem cells into infancy 19 , which may contribute to adverse neurodevelopmental outcomes when those regions are damaged by IVH/PHH. Indeed, in our cohort, the FOHP demonstrated more prominent evidence of injury than the LVP. These findings are consistent with the more prominent patterns of FOHP than LVP injury seen on conventional MRI scans of hydrocephalus patients, which is characterized by periventricular hyperintensities on T 2 W imaging that represent severe tissue disruption 38, 53 , susceptibility weighted findings of petechial hemorrhages that are caused by elevated medullary vein pressures 18, 59, 64 and restricted diffusion suggestive of tissue ischemia 9 . There is also a disproportionate distribution of stress and strain on the stem cell rich FOHP in patients with hydrocephalus 39, 57, 63 . For example, relative to the LVP, the FOHP region is subjected to higher stress and strain in the setting of hydrocephalus because of its concave geometry and acute anterolateral angles, which in turn expands the extracellular spaces in the FOHP and facilitates water extravasation and tissue edema 39, 57, 63 . It is important to note however, that in this study, all PHH infants had undergone intervention for hydrocephalus, and their intracranial pressure was expected to have normalized at the time of dMRI acquisition. Nevertheless, we suspect the dMRI disruptions seen in the PHH group may reflect complex pathology from the initial IVH, injury from raised intracranial pressure sustained prior to their shunt/ETV treatment, and the subsequent associated secondary injury.
Ventricular size positively correlates with magnitude LVP injury
Collectively, the tensile and compressive forces of enlarged ventricles (including in PHH) on the FOHP and the remainder of the LVP leads to impairment of arterial blood flow and venous stasis, which may cause axonal disruption and dysmyelination that sets off a cascade of ischemia-induced white matter injury 8, 31, 78 . These findings beg the question whether ventricular size can be used as a surrogate marker for disease severity in PHH patients. In our cohort, ventricular size correlated negatively with FA and positively with MD and RD, suggesting that expanded ventricular size likely has a negative effect on dMRI-measured LVP/FOHP tissue integrity. However, subgroup analysis of the PHH group alone did not yield meaningful correlations. Our findings reflect the ongoing debate on ventricular size-dMRI correlations, as variable results have been reported in the literature 3, 16, 44 . While our study suggests increasing ventricular size negatively affects LVP/FOHP integrity, a larger population of PHH patients, including studies before and after treatment of hydrocephalus, and correlative histological analyses are required to better understand the clinical implications.
Limitations
A primary limitation of this study is the small sample size in the PHH and, to a lesser extent, HG-IVH cohorts which may have limited our ability to observe subtle differences in periventricular dMRI parameters, especially in the FOHP. As 6 PHH infants with extensive injury were unable to be included in the MRI analysis, results may not generalize to other higher-risk cohorts of PHH infants, including those demonstrating the most severe forms of injury. Additionally, all 13 PHH patients included in current analyses were male, which may have introduced a sex bias in the PHH group, although there is a male preponderance in IVH reported in the literature 20, 84 . Another limitation is that our study contained only term-equivalent scans with a cross-sectional design. A longitudinal study including multiple scans at predetermined timepoints for each subject would allow more detailed evaluation of relationships between dMRI parameters, frontal-occipital horn ratio, and neurobehavioral correlates over time. In addition, future studies should investigate prospective associations between dMRI measures in the LVP and FOHP with subsequent neurodevelopmental outcomes to elucidate the neurological mechanisms underlying impairment in high-risk VPT infants, as well as to potentially identify VPT infants in need of early referral to intervention services and longer-term follow-up care.
CONCLUSIONS
dMRI demonstrates that HG-IVH and PHH are associated with microstructural injury/disruption of LVP/FOHP. The patterns of LVP/FOHP injury in this cohort of infants were attributable to axonal spacing likely secondary to transependymal CSF migration, and/or increased axonal membrane permeability, perhaps associated with stretching and injury. Infants with PHH demonstrated the most aberrant dMRI measures, more profoundly in the FOHP, which may be attributed to compounding mechanical injury caused by pressures exerted on the LVP/FOHP regions by the expanded ventricles. Given the LVP/FOHP's critical role in neurodevelopment and cerebral function, the observed impairments in tissue integrity may contribute to the debilitating sequelae of IVH/PHH. Future studies are required to assess histological correlates of our findings, and additional work is needed to confirm these observations in longitudinal studies which characterize changes in these relationships over time and their relationships with neurodevelopment outcomes. Given the role of the LVP/FOHP in IVH/PHH disease pathophysiology and dMRI's capability to detect LVP/FOHP tissue integrity, as well as its correlation with ventricular size, the LVP/FOHP may provide useful biomarkers of IVH/PHH for future clinical studies directed at improving the clinical management of these conditions. 
FIGURE LEGENDS:
Fig. 2: Linear ventricular size measurement:
Representative axial T 2 WI of a very preterm infant with post-hemorrhagic hydrocephalus (PHH). Ventricular size was determined by the frontal and occipital horn ratio which was calculated as ( + β)/2 . The Box and whisker diagram demonstrates PHH group had the largest ventricular size among 158 infants (p <.001, ***). There was no difference in ventricular size between the VPT and HG-IVH infants, although both groups had median ventricular sizes that were larger than that of the FT control infants. 
TABLE LEGENDS:
Table 1: Characteristics of 158 infants in a prospective study to assess the effects of IVH/PHH on dMRI measures of the lateral ventricular layer Table 2 : FA, MD, and RD among 158 full-and pre-term infants with/or without IVH/PHH Table 3 : Region-specific dMRI measures in 158 infants examining the differences between-groups at the LVP and FOHP 
